The purpose of this study was to examine the feasiblity of a conditioner for treating enamel and dentin simultaneously for MMA-TBB resin bonding. Various phosphoric acid solutions containing copper salts were prepared and used as conditioners before bonding MMA-TBB resin to bovine teeth. Their effects on the surface morphology and bonding were studied by scanning electron microscopy and tensile bond strength testing. The concentrations of phosphoric acid as well as copper salts therein affected the bond strength to dentin. Ten percent phosphoric acid containing 3% copper (II) chloride appeared optimal for treating dentin and was significantly effective in improving the bond strength compared with phosphoric acid alone. This conditioner was applicable also to enamel without any adverse effect on the bond strength.
INTRODUCTION
4-META/MMA-TBB resin (SB resin*) is known as one of the most effective bonding systems to dentin. The mechanism of its high bond strength has been postulated as infiltration of 4-META into the dentin and formation of a dentin-resin hybrid layer1),2). However, it was difficult to understand the mechanism by which high bond strength could not be obtained without ferric ions supplied from a conditioner consisting of a mixture of 10% citric acid and 3% ferric chloride (10CA-3Fe solution)1-3). We proposed a mechanism involving interfacial initiation of polymerization to explain this observation3): A combination of tributylborane (TBB) initiator and ferric ions from the conditioner might promote polymerization of the monomers at the dentin interface and thus result in high bond strength.
Based on our hypothesis, the presence of metal ions such as Fe (III) or Cu (II), which can act as polymerization promoters for TBB, is essential on dentin surface for obtaining high bond strength in MMA/TBB-based resin. The essential metal ions can be supplied either by using a conditioner or a primer.
In previous studies, we demonstrated that primers containing Cu (II) or Fe (III) ions were very effective in bonding dentin conditioned with phosphoric acid3-5). These results suggested that the use of the primers could enable conditioning of ** Autograph AGS 1000A , Shimadzu Co., Kyoto, Japan # Model 2300, Hitachi Co., Tokyo, Japan ## JXA-6400P, JEOL Co., Tokyo, Japan RESULTS Table 1 shows the effects of conditioning with different concentrations of phosphoric acid (PA) (0-40%) containing 1wt% copper (II) chloride (CC) on the bonding of MMA-TBB resin to the dentin. The addition of CC to the conditioners improved the bond strength at the concentrations of 5% and 10% PA, and even at 0% PA. Table 2 shows the effects on pH and the bond strength to dentin of the concentrations of CC in 10% PA. The pH of the solutions decreased gradually from 0.88 to 0.42 with the increase in CC concentration from 0 to 10%. Bond strengths increased gradually from 4.3 MPa to 12.2MPa with the increase in CC concentration (between 0 and 1%). At the concentration between 1% and 8%, the bond strengths remained fairly constant around 11.5 Table 1 Tensile bond strength of MMA-TBB resin to dentin treated with different concentrations of phosphoric acid containing 1% copper chloride * Means with the same letters were not significantly different (p>0 .01) Table 2 Tensile bond strength of MMA-TBB resin to dentin treated with 10% phosphoric acid conditioners containing different amounts of copper chloride * Means with the same letters were not significantly different (p>0 .01) -15 .1MPa and then decreased slightly to 9.1MPa at 10% CC. Table 3 compares the effects on the bond strength to dentin of addition of three types of copper salts and ferric chloride in a 10% PA conditioner. The three copper salts were equally effective but ferric chloride had no significant effect. Table 4 summarizes the bond strengths obtained on enamel conditioned with 10% PA with and without CC. There were no significant differences in the bond strength between the two conditioners in both MMA and 4-META/MMA resins. Addition of 4-META to the MMA resin increased the mean bond strengths but the results were not statistically significant. Table 5 shows the results of analysis of the relative amounts of copper ions adsorbed onto the conditioned tooth surfaces.
The K-ratio obtained on dentin increased remarkably from 0.009 to 0.201 by conditioning with 10% PA containing 1% CC. The values on dentin increased gradually with the increase in molar concentration of copper ions regardless of the type of present salt. In contrast, the K-ratio values on the enamel were very low and no difference was noticed between the PA conditioners with and without 3% CC.
Bovine tooth surfaces finished with 600-grit abrasive paper were treated with 10% PA containing 0, 1, 3, 6, and 10wt% CC for 30s and examined by SEM. The scanning electron micrographs revealing the effects of the treatment on the enamel and dentin surfaces are Table 3 Tensile bond strength of MMA-TBB resin to dentin treated with 10% phosphoric acid containing copper salts and ferric chloride * Means with the same letters were not significantly different (p>0 .01) Table 5 Relative amounts of copper (K-ratio) adsorbed onto tooth surface treated with 10% phosphoric acid containing copper salts shown in Fig. 1 and 2 , respectively. The etched enamel surfaces were practically the same regardless of the concentrations of the copper salt in 10% PA, although the surface with the 10% copper-containing solution was a little different from the others.
Treating the dentin surfaces with the 10% phosphoric acid conditioners removed the smear layer completely and opened the dentin tubules.
However, degree of opening at the orifices, presence of the odontoblastic process including lamina limitans structure in the tubules, and deposits on intertubular dentin area and peritubular portion varied with copper concentration.
At the lower concentrations, the orifices were wider, and the processes and the deposits were rarely observed.
At the higher concentrations, however, both the processes and the deposits were obvious. Fig. 3 shows a scanning electron micrograph of the dentin-resin interface on a cross -sectioned specimen after immersion in 3N hydrochloric acid for 30min and then in 5% sodium hypochlorite for 1h. The resin infiltrated into the dissolved peritubular dentin and the peri-odontoblastic space and therefore formed a sheath of resin around the odontoblastic process.
The dissolution of the process by the HCl-NaOCl treatment produced a hollow tag (asterisk).
Moreover, the dissolution of the lamina limitans created a space around the tag (arrow).
DISCUSSION
Current dentin bonding systems tend toward using mild acid conditioners or cleansers and the use of PA is limited.
However, previously, we discussed the physiological nature and advantages of PA in tooth bonding and recommended the use of 10% PA4). When the dentin surfaces were treated with 7-40% PA and followed by application of a HEMA primer containing a copper salt, mean bond strengths of 4-META/MMA-TBB resin to dentin were statistically the same as that obtained with the commercial 10CA-3Fe conditioner4). Although the addition of CC to 10% PA induced no apparent morphological changes on the enamel surface, it produced gradual changes in the dentin with increasing concentrations of copper salt. Opening of the tubular orifices decreased slightly, the presence of odontoblastic processes including lamina imitans in the intratubular region increased, and deposits increased in inter-and intratubular regions. These results suggested that the copper salt suppressed demineralization as well as collapse and denaturation of the dentin collagen despite of the lower pH values of the copper-containing conditioners compared with 10% PA alone ( Table 2) .
The role of stabilization of collagen by copper salt is typical and was clearly demonstrated in the case of 10% copper chloride in Fig. 2 . Odontoblastic processes were seen at all tubular orifices, some of which appeared to project out over the surface.
This collagen -stabilizing effect of the copper salt will be similar to that of ferric chloride in the 10CA-3Fe solution as explained by Nakabayashi1),2), who maintained that the collagen-stabilizing effect during the demineralization process is a primary and essential function of the ferric salt. However, it seems more reasonable to assume that the effect of the metal salts impeding collagen collapse is a secondary effect and is not essential for the following reasons. Even if the dentin was conditioned with phosphoric acid, which causes collagen collapse, high bond strengths were obtained when the metal salt-containing primers were applied following acid conditioning and before bonding with 4-META/MMA-TBB resin3),4). Moreover, even if the dentin was conditioned with 15% EDTA, which does not collapse but preserves the collagen structure, the bond strength of the resin was only 2.0MPa, but increased to 10.3MPa after priming with 0.075% aqueous ferric chloride solution following EDTA conditioning3). Therefore, the primary role of the copper salt is assumed to be as an interfacial polymerization promoter for TBB initiator, as we suggested previously4),5). Thus, TBB-containing MMA monomer penetrating into demineralized dentin can polymerize interfacially and result in high bond strength even without an adhesion-promoting monomer such as 4-META4). The co-catalytic effect of oxygen and water which are abundantly available in the dentin has been suggested to be involved in the interfacial polymerization of 4-META/MMA-TBB resin2). However, this appears unlikely as dentin conditioned with EDTA produced only very low bond strength. This means that both of these substances did not work well even at the interface of the dentin preserving the natural configuration of the collagen.
Moreover, while EDTA sodium salt was not effective for conditioning the dentin, EDTA containing iron sodium salt was reported to be very effective in improving the bond strength6).This again implies the essential role of iron salt other than the collagen-stabilizing effect. Fig. 3 shows the well-penetrated and interfacially-polymerized MMA resin tags in the conditioned dentin, especially at the tubular orifice portion. The resin penetrated into the funnel-shaped peritubular walls and the odontoblastic process, which were formed as a result of preferential demineralization of the peritubular dentin. Without the interfacial polymerization, polymerization shrinkage would tend to shrink the tags away from the walls.
In the experiment with 1% CC, 10% PA was optimal and produced the maximum mean bond strengths within the five concentrations studied (Table 1) . With regard to the concentration of copper salts in 10% PA, 1-10% CC were equally significantly effective and gave bond strength of 11.5-15.1MPa.
Among these concentrations, we assumed 3% to be optimal based on the results of SEM observation and judgement that the presence of the odontoblastic process and the surface deposits may and may not be desirable, respectively.
In contrast to the results of dentin, addition of the copper salt to 10% PA did not produce any change in the bond strength to the enamel.
This could be expected, because surface morphology and the amount of copper adsorbed on the enamel were not changed significantly by the addition of the metal salt. The mechanism of the improved bond strength to dentin by treatment with the copper-containing phosphoric acid conditioner will be the same as those discussed in the introduction section and in our previous papers3-5). The amount of copper present on the dentin surfaces treated with the 3% copper solutions was about 30-70 times greater than on that treated with 10% PA alone (Table 5) . These copper ions adsorbed on the dentin surface can promote polymerization of MMA interf acially in cooperation with TBB initiator and thus lead to high bond strength.
The bond strength of 14.0MPa obtained with the 10% PA-3% CC conditioner for MMA -TBB resin was comparable with that of 13 .2MPa with the 10CA-3Fe conditioner for 4 -META/MMA-TBB resin5) . Thus, copper chloride in phosphoric acid was as effective as ferric chloride in citric acid. However, 1 and 3% ferric chloride in 10% phosphoric acid showed no improvement in bond strength (Table 3 ). The reason for the ineffectiveness of ferric chloride remains to be investigated.
CONCLUSION
Treatment solutions composed of phosphoric acid and copper salts were effective as conditioners for bonding dentin with MMA-TBB resin. Concentrations of phosphoric acid as well as copper salts therein affected the bond strength. A solution of 10% phosphoric acid containing 3% copper chloride appeared optimal for treating dentin, and had effectiveness comparable with the commercial 10% citric acid -3% ferric chloride conditioner. This conditioner was applicable also to enamel without any adverse effect on the bond strength. Therefore, enamel and dentin may effectively be treated with the conditioner simultaneously 
